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Scanning Confocal Optical Microscopy and Magnetic Resonance on Single Defect Centers
A. Gruber, A. Drä benstedt, C. Tietz, L. Fleury, J. Wrachtrup,* C. von Borczyskowski
The fluorescence of individual nitrogen-vacancy defect centers in diamond was observed with room-temperature scanning confocal optical microscopy. The centers were photostable, showing no detectable change in their fluorescence emission spectrum as a function of time. Magnetic resonance on single centers at room temperature was shown to be feasible. The magnetic resonance spectra revealed marked changes in zero-field splitting parameters among different centers. These changes were attributed to straininduced differences in the symmetry of the centers.
Spectroscopy on single quantum systems promises to become a powerful method for the investigation of impurities in the condensed phase. The development of highresolution optical microscopy has fostered considerable progress in this field. Most prominent studies use near-field (1) (2) (3) (4) and confocal fluorescence microscopy (5) on single dye molecules. Individual mesoscopic systems such as quantum dots have been investigated in a similar way (6, 7) . There is a continuous demand to extend the class of systems that can be investigated with these techniques, especially to technologically relevant materials. Here we report the observation of defect or color centers on an individual basis. The centers detected were nitrogen vacancy (N-V) defects in diamond. Diamond has been subject to extensive optical investigations, and over 100 luminescent defects have been reported to exist (8, 9) . The N-V center is one of those studied in most detail (10) (11) (12) . It consists of a substitutional nitrogen atom with an adjacent carbon vacancy (13) and has C 3v symmetry, with the symmetry axis oriented along the crystallographic [111] axis (14) .
The main photophysical parameters of the N-V center have been determined previously (15) and indicate the suitability of the system for single center detection; they are a large absorption cross section at the excitation wavelength, a short excited-state lifetime [for synthetic type 1b diamond ϭ 11.6 ns (16)], and high quantum efficiency ( Ϸ 1) (15) for radiative relaxation. In addition, no efficient shelving in a metastable state has been reported for N-V centers at room temperature, although the high spectral hole-burning efficiency at low temperature indicates their existence (12) . It is of considerable importance for the present study that the center is assumed to have a paramagnetic electron ground state (11), making it accessible to optically detected magnetic resonance (ODMR). N-V centers are most efficiently created in type 1b synthetic diamond through electron irradiation (2 MeV) and subsequent annealing at 900°C in vacuum (10) . Single diamond crystals of 100 m thickness were used in our experiments. Electron (e) irradiation doses between 10 12 e/cm 2 and 10 15 e/cm 2 and annealing times around 1 hour yielded defect center concentrations of 0.2 to 200 centers per cubic micrometer, allowing us to resolve individual centers at the lowest radiation doses.
The sample fluorescence was excited and probed with a self-built confocal optical microscope operating at room temperature (17) . Sets of lateral scans of dimensions 20 by 20 m 2 were obtained for diamond samples irradiated with different electron doses, decreasing from 5 ϫ 10 14 e/cm 2 (Fig. 1A ) to 1 ϫ 10 13 e/cm 2 (Fig. 1C ). The axial position of the excitation focus was chosen to be 50 m below the surface of the diamond. The fluorescence intensity decreases with decreasing radiation dose, thus diminishing the defect center density. In Fig. 1C , the concentration of luminescent centers is such that the average distance between them is larger than the diameter of our probe volume. A 5 by 5 m 2 scan of the lower left corner of Fig. 1C (Fig. 1E ) clearly demonstrates the resolution of individual luminescent spots. The full width at half maximum (FWHM) of the spots (see Fig.  1D ) is 330 nm, which is close to the diffraction-limited spatial resolution of our confocal microscope. When the electron irradiation dose was further decreased, this spot size remained constant but the average distance between the spots increased. We conclude that we observed individual quantum constituents of the diamond lattice. Under similar electron irradiation and annealing conditions as those used in our experiment, other types of luminescent defect centers have been reported to exist in diamond (15) . In order to identify the defect, we recorded the fluorescence spectra of individual luminescent centers found in our experiments (Fig. 2) . The observed spectrum agrees well with recent low-tempera- ture bulk fluorescence spectra of the same system (10) , proving that the observed fluorescence stems from a N-V defect center.
Even under the highest excitation intensities used (5 MW/cm 2 ) (18), none of the centers investigated so far showed any indication of photobleaching or any change in the fluorescence spectrum as a function of time. However, intensity fluctuations on a time scale around 10 s have been observed with the intensity autocorrelation function (19) . The correlation time depends on the excitation power. This is a further hint at the existence of a metastable state in the optical pumping cycle of the center (20) .
Previous high-resolution optical (11, 12) and electron paramagnetic resonance measurements (20) have revealed the spin triplet nature (total spin angular momentum S ϭ 1) of the electronic ground state of the N-V center. The first excited triplet state ( 3 E) is believed to be populated through optical excitation from the ground state ( 3 A). On the basis of low-temperature optical investigations, it has been concluded that the optical pumping cycle of the N-V center, involving triplet-triplet absorption, internal conversion, and fluorescence relaxation, does not conserve spin angular momentum (21) , leading to spin-selective population of the ground triplet substates of the excited defects. Thus, continuous optical excitation is believed to generate a non-Boltzmann steady-state spin alignment in the N-V center in the triplet ground state. The degeneracy of the spin sublevels of this triplet ground state is lifted because of the anisotropic dipolar interaction of the unpaired electron spins. Without applying an external magnetic field, the concomitant splitting is described by the two zero-field splitting parameters D and E (22) . The parameter E can be interpreted as a measure of the axial symmetry of the center (23) . Microwave radiation resonant with the triplet spin transitions in the ground state affects the steady-state population of the optically pumped 3 E-state of the N-V defect center. The ensuing change in fluorescence intensity is representative of the magnetic resonance in the triplet ground state. This ODMR signal has previously been observed at low temperature (24). The activation energy for spin lattice relaxation (time constant T 1 ϭ 1.170 ms) has been determined to be 62.2 meV (20) . If the optical pumping cycle is fast enough, one would thus expect to find spin alignment in the ground state and consequently an ODMR signal even at room temperature. The magnetic resonance signal of an ensemble of defect centers (n Ϸ 10) obtained under ambient conditions (Fig. 3A) was indeed found to appear as a 10% decrease of the fluorescence intensity of the centers. Two nearly degenerated lines were obtained, with a splitting between the maxima of the two components of 2E ϭ 14 MHz and a width of Ϸ12 MHz for each line. On the basis of known zero-field splitting parameters of the N-V center (24) (Table 1), the two ODMR lines can be attributed to two of the three possible transitions in the ground triplet state. The observation of two ODMR lines in the ensemble spectra indicates that the local axial symmetry (C 3v ) of most of the centers is broken in the ground state (23) . In the ODMR spectrum of a single center (Fig. 3C) , only a single line is observed. A best fit to the spectrum yields a Lorentzian curve (line width 5 MHz) at 2870 MHz. This is expected for a center with an E value close to or equal to zero, so that no splitting can be resolved in the ODMR spectrum. The center obviously has retained axial symmetry. In contrast, the ODMR spectrum of a different single center (Fig. 3B) shows two lines, each with a width of 5 MHz and a splitting of Ϸ4 MHz. Obviously, the axial symmetry of this center is broken. Only 15% of the centers observed showed a single ODMR line and thus had axial symmetry. Most of the centers had E values ranging from 2 to 9 MHz. This explains why the ODMR signal of symmetric centers is usually masked in bulk magnetic resonance studies, where we always found a two-line spectrum. Recent magnetic resonance experiments on the excited triplet state of single molecules (25) (26) (27) at low temperature showed ODMR lines that were inhomogeneously broadened. The Lorentzian line shape found in our experiments on single centers may be due to the fact that at room temperature, the shortening of the transversal spin relaxation time T 2 causes a homogeneous broadening larger than the hyperfine coupling, giving rise to an overall homogeneous ODMR line.
Because of its optical, mechanical, and electronic properties, diamond is a material of considerable interest for numerous industrial applications. Most of the diamond material used in industrial applications is grown by chemical vapor deposition, resulting in microcrystalline material (8) . Confocal fluorescence microscopy (as demonstrated here) or near-field microscopy will provide new insight into the properties of such types of diamond. The present studies were carried out at room temperature, and the Fig. 2 . Fluorescence spectrum of a single N-V defect center. The wavelength of the zero phonon line ( ZPL) is 637 nm (1.945 eV ). Excitation was at 514 nm. Accumulation time was 600 s. A holographic notch and red pass filter were used to suppress stray light. Fig. 3 . Optically detected magnetic resonance spectrum of an ensemble of N-V centers (A) and two different single N-V centers (B and C) in zero external magnetic field. Accumulation times were 120 s for the ensemble spectrum, 600 s for center 1, and 800 s for center 2. For the ODMR experiment on center 2, the optical excitation intensity was four times greater than that used on center 1. The smooth curves superimposed on the data in (B) and (C) are fits with Lorentzian lines. The resulting zero-field splitting parameters are listed in Table 1 . The insets show the spin sublevels in the 3 A ground state of the center, labeled 1Ͼ, 2Ͼ, and 3Ͼ. The arrows indicate the microwave (MW ) irradiation. Earthquake models generally assume that stress across plate tectonic boundaries increases steadily with time. However, large earthquakes can perturb the stress field acting on neighboring faults (1) . We present evidence that the Loma Prieta earthquake affected the dynamics of creep on the nearby Hayward fault. The probability of a magnitude (M) 7 or larger earthquake in the next 30 years on the Hayward fault is 45% (2), and it is thought to be the most hazardous fault zone in the San Francisco Bay region. The Hayward, a major branch of the San Andreas fault system, exhibits creep along at least 68 km of its Ͻ100 km length (Fig. 1) . Creep rates over the past several decades vary along the fault from ϳ9 mm/year near the south end to ϳ3 mm/year in northern Oakland (3). The average rate for most of the fault is 4.8 mm/year (3) . For decades before the 17 October 1989 Loma Prieta earthquake, creep rates at several monitoring sites, averaged over a few years, had gener- 
